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 The concept of multiband or interme-
diate solar cell (IBSC) has been proposed 
more than 50 years ago. [ 2 ]  There have 
been numerous attempts to fi nd a mate-
rial system that could satisfy the strin-
gent requirements for the cell operation. 
The current status of the fi eld has been 
recently reviewed by Okada et al. [ 11 ]  The 
fi rst fully operational IBSC has been practi-
cally realized using GaNAs, a dilute nitride 
alloy belonging to the class of highly mis-
matched alloys (HMAs). [ 12 ]  The energy 
band structure of HMAs is determined by 
the interaction between localized states of 
the minority component (N) and extended 
conduction band states of the matrix 
(GaAs). This initial progress was further 
advanced in studies of IBSCs with GaIn-
NAsSb [ 13,14 ]  and ZnOTe [ 15 ]  HMA absorbers. 

 A critical issue for the HMA based 
IBSCs is the strength of three optical 
transitions coupling the valence, interme-

diate and the conduction band. Although the contribution of a 
sequential absorption of two photons on the IBSC photocur-
rent has been recently observed [ 13,15 ]  there has been no direct 
observation of the optical transitions between the interme-
diate and upper conduction band. Here we demonstrate that 
a unique distribution of the electric fi eld in an IBSC allows 
observation of the two reverse-bias electroluminescence bands 
originating from the transitions between the intermediate and 
the conduction and the valence bands. The origin of these 
optical transitions is confi rmed by the temperature depend-
ence of the emitted photon energies deduced from the band 
anticrossing (BAC) model of the electronic band structure of 
GaNAs. [ 16–21 ]   

  2.     Experimental Results 

 The IBSC device structures shown in  Figure    1   were grown 
using metalorganic chemical vapor deposition (MOCVD). [ 22 ]  
Two types of structures were grown. In the BIB structure 
shown in Figure  1 a the intermediate band is electrically iso-
lated from the contacts, whereas in the unblocked intermediate 
band (UIB) structure, shown in Figure  1 b the intermediate 
band is connected to the back side contact. As has been shown 
previously, [ 12 ]  the BIB structure operates as an IBSC, whereas 
the UIB structure works as a PV device with the energy 
band gap given by energy difference between intermediate 
and the valence band. Two BIB structures have been grown 

 Intermediate band solar cells are a new generation of photovoltaics that 
allow for better utilization of the solar spectrum. The key and most chal-
lenging requirement for these cells is an effi cient optical coupling between 
the intermediate band and the charge conducting bands. GaNAs based 
intermediate band solar cells have been used to generate electrolumines-
cence. Two electroluminescence peaks are generated in the structure with 
electrically blocked intermediate band. The peaks are observed for both 
forward and reverse bias confi guration and are attributed to optical transitions 
from the conduction to the intermediate band, and from the intermediate 
band to the valence band. The origin of the electroluminescence is confi rmed 
by the temperature dependence of the electroluminescence peak energies 
that is consistent with the band anticrossing model of the intermediate band 
formation in dilute nitride alloys. This is the fi rst direct observation of the 
optical transitions required for the operation of intermediate band solar cells. 
The results also demonstrate that properly modifi ed intermediate band solar 
cell structures could be used as multicolor light emitters. 

  1.     Introduction 

 The solar spectrum photons cover a wide range of energies 
from 0.5 to 4 eV making effi cient conversion of the solar light 
into any other form of energy a challenging task. Thus, there 
are stringent limits on the maximum power conversion effi -
ciency that can be achieved with a single band gap solar cell. [ 1 ]  
To address this issue and improve the power conversion effi -
ciency a number of approaches have been proposed. [ 2–10 ]  
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with different  N  concentrations. Structures with 3.1% and 3.8% 
 N  content are labeled as devices “1” and “2,” respectivey.  

 The photovoltaic performance of the structures has been 
studied before. [ 12,23 ]  Typical current–voltage characteristics 

obtained in UIB and BIB structures are shown in  Figure    2  . The 
results represent the fi rst experimental evidence for the quasi-
Fermi level splitting and fi rst operational intermediate band 
solar cell. [ 12,23 ]  The electroluminescence (EL) measurements 
were performed in the temperature range from 20 to 300 K. An 
alternating electrical current was applied to the devices placed 
in a liquid He cryostat. The emitted light passing through a 
monochromator was detected by a Ge detector using a lock-in 
amplifi er.  

 Electroluminescence spectra of both UIB and BIB structures 
under forward bias are shown in  Figure    3  . The UIB structure 
shows a single peak, at about 1.15 eV corresponding to the tran-
sition from the IB ( E -  ) to the valence band ( E  V ) ( E  H  in Figure  1 ). 
This is consistent with the energy band diagram shown in 
Figure  1 b where only one depletion region in the top part of the 
device is present. A forward bias produces occupation inversion 
resulting in the optical transition between the  E -   and the  E  V . 

 A more complex EL spectrum is observed in the BIB struc-
ture. It consists of two broad low energy peaks  E  L  and  E  H  
and a higher energy emission ( E  3 ) with a maximum at about 
1.35 eV. This high energy emission cannot originate from any 
transitions within the absorber layer. We have tentatively attrib-
uted this high energy emission to transitions involving heavily 
doped substrate and the AlGaAs blocking layer in the back-side 
depletion region. 

 As seen in Figure  3  the electroluminescence peak denoted  E  H  
coincides with the emission peak found in UIB structure and 
can be attributed to the transitions from  E -   to  E  V , whereas the 
weak, low energy emission denoted as  E  L  appears to be close 
to the energy separation between the  E +   and  E -   bands. This is 
a signifi cant result as it appears to be the fi rst direct observa-
tion of optical transitions between those two bands. The obser-
vation of these two transitions is the refl ection of the fact that 
there are two depletion regions in the BIB device; one in the 
front part (close to the surface) and the other one in the back of 
the structure (close to the GaAs substrate). The applied voltage 
is distributed among those two regions. This is illustrated in 
the schematic band diagram of the BIB structure under for-
ward bias shown in  Figure    4  a. At the back side depletion region 
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 Figure 1.    a) Blocked intermediate band (BIB) structure with the 
intermediate band isolated from contacts and two, front and back side, 
depletion regions. b) A reference unblocked intermediate band (UIB) 
solar cell structure with the intermediate band electrically connected to 
the back contact and a single, front side, depletion region.

 Figure 2.    Current voltage characteristics for blocked (solid black line) 
and unblocked (dashed black line) intermediate band solar cell structures.
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 electrons that are injected from the substrate to the upper con-
duction band  E +   recombine radiatively with holes in the par-
tially occupied intermediate band, giving rise to a low energy 
emission ( E  L ). On the other hand, the higher energy emission 
( E  H ) originates from the front side depletion region where elec-
trons injected to the p-type region of the IB recombine with the 
holes in the valence band. 

 To further investigate these transitions we have measured 
the EL spectra under reverse bias conditions. No reverse-bias 
EL was found in the UIB structure confi rming that the struc-
ture is equivalent to a single p-n junction. However, as seen in 
Figure  3 , a well resolved two band EL spectrum is found in the 
BIB structure. Most notably a very strong low energy emission, 
 E  L , with the peak energy at about 0.9 eV is clearly observed 
under the reverse bias conditions.  

  3.     Discussion 

 These unusual results can be understood only assuming that 
the partially occupied intermediate band (IB) ( E -  ) band is elec-
trically isolated from the contacts in the blocked intermediate 
band (BIB) structure. When a reverse bias is applied to the 
BIB structure the total potential drop is distributed between 
the front side and the back side depletion regions. The mecha-
nism of the two photon EL generation is schematically shown 
in Figure  4 b. At the front side depletion region a high enough 
reverse bias voltage shifts the valence band up and injects elec-
trons from the valence band to the intermediate band and the 
conduction band,  E  C  ( E +  ). At the back side depletion region 
the reverse bias shifts down the conduction band of the GaAs 
substrate and injects holes into the intermediate band and the 
valence band. As a result an occupation inversion, with elec-
trons in the  E +  , holes in the  E  V  and electrons and holes in the 
IB are established in the middle of the BIB structure. This 
results in emission associated with optical transitions between 
 E  C  and IB ( E  L ) as well as between IB and  E  V  ( E  H ).   

 Although both  E  L  and  E  H  emissions are observed for the 
forward and reverse bias conditions, there is an important 
difference in the relative intensity of those two emissions 
under different bias conditions. Thus, as seen in Figure  3 , 
the  E  L  emission is much stronger under reverse bias. This is 
consistent with the schematic picture illustrating the origin 
of the  E  L  and  E  H  shown in Figure  4 . Under forward bias the 
strong  E  H  emission originates from the front part of the struc-
ture, whereas a weak  E  L  emission is mostly generated on the 
back side. By contrast, under reverse bias the much stronger 
 E  L  emission is generated in the front side depletion region. 

 In principle, as evident from Figure  4 b, for the reverse bias it 
should be possible to observe an even higher energy emission 
originating from radiative recombination of electrons injected 
to the  E  C  at the front side and holes injected to the  E  V  in the 
back side depletion region. However, this is unlikely in the 
studied devices as it would require long electron and/or hole 
diffusion lengths to diffuse across the 0.5 µm thick absorber 
layer. However, a modifi ed structure with thinner mid-part 
absorber layer could possibly be used to observe all three optical 
transitions. 

 A possible concern is that the  E  L  emission may be defect 
related, i.e., originate from optical transitions between localized 
defect states and the  E  V , or  E -   band. To address this concern 
we have measured temperature dependence of the emission 
bands.  Figure    5   shows evolution of the emission band energies 
as functions of temperature in both BIB structures. Although 
the two separate peaks could be resolved only for temperatures 
lower than ≈150 K, it is clearly seen that the  E  L  emission band 
shifts to higher and the  E  H  emission band to lower energy with 
increasing temperature.  

 The energies of the  E  L  and  E  H  emission maxima were deter-
mined by fi tting the spectra in Figure  5  with Gaussian curves. 
The results are shown  Figure    6  . In both devices the tem-
perature coeffi cients for the  E  L  peak are positive and equal to 
+2.9 × 10 −4  eV K −1  for device 1 and +1.7 × 10 −4  eV K −1  for device 
2, whereas the temperature coeffi cient for the maximum energy 
of the  E  H  peak are negative and equal to −1.1 × 10 −4  eV K −1  for 
device 1 and −1.5 × 10 −4  eV K −1  for device 2.  
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 Figure 3.    Low temperature electroluminescence in blocked and 
unblocked intermediate band solar cell structures for forward and 
reverse bias conditions. Green line and orange line correspond to 
forward and reverse bias electroluminescence from BIB structure, 
 respectively. Blue line represents forward bias electroluminescence from 
the UIB structure.

 Figure 4.    Schematic illustration of the electroluminescence emission 
mechanism in the BIB structure under a) forward and b) reverse bias 
conditions.
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 The unusual positive temperature coeffi cient for the  E  L  emission 
peak can be well understood assuming that the emission origi-
nates from the transition between  E +   and  E -   bands. 

 The energies of the  E +   and  E -   sub-band edges are given by 
the BAC model [ 16,17 ]  in Equation  ( 1)  
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 where  E  N  is the energy of the localized nitrogen level,  E  M  is the 
conduction band edge of the GaAs matrix and  C  NM  = 2.7 eV 
is the coupling constant. [ 16 ]  With the vacuum level as reference 
energy it can be assumed that the energy of the highly local-
ized N level does not depend on temperature. Therefore the 

temperature dependence for the  E +   to  E -   transitions is given by 
(Equation  ( 2)  
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 The temperature coeffi cient is positive as the terms d E  M /d T  
and ( E  M  −  E  N ) are negative. This accounts for the observed 
increase of the  E  L  emission peak energy with increasing tem-
perature. Such uncommon temperature behavior can be attrib-
uted to the fact that for  E  N  located above  E  M  the  E +   −  E -   energy 
difference is controlled by the BAC interaction rather than 
the shift of  E  M . The positive temperature coeffi cient excludes 
a possibility that the  E  L  peak could originate from transitions 
between a deep level and either the  E -   or the  E  V  bands, since 
in both cases the transition energy is expected to decrease with 
increasing temperature because of the upward shift of the  E  V  
and the downward shift of the  E -   on the absolute scale. Also, the 
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 Figure 5.    Temperature dependence of the electroluminescence spectra 
a) for the BIB device 1 and b) for the BIB device 2. Different lines denote 
spectra measured at different temperatures.

 Figure 6.    The temperature dependence of the electroluminescence 
energy peaks ( E  H  and  E  L ). Solid circles and squares represent experi-
mental values for  E  H  and  E  L , respectively. The lines represent a theoretical 
fi t using BAC model a) for BIB device 1 and b) for BIB device 2.
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negative temperature coeffi cient for the  E  H  peak is consistent 
with transitions between  E -   and the valence band edge. 

 The observed two color EL is an unusual feature specifi c to 
the BIB structure. This demonstrates that such structures could 
be used as multicolor emitters. Also, in addition to the two 
observed emission bands a larger energy emission originating 
from recombination of the electrons injected into the  E  C  ( E +  ) 
at the front junction and holes injected into the  E  V  at the back 
junction should be also possible. This, however, would require 
a thinner absorber layer that separates the front and back 
junction.  

  4.     Conclusions 

 We have provided the fi rst experimental evidence for direct 
optical coupling between the intermediate band and the charge 
conducting bands in an intermediate band solar cell structure. 
Two electroluminescence emission peaks are observed under 
reverse and forward bias due to the presence of a front and a back 
depletion region in the BIB structure. The emission bands show 
characteristic temperature dependence that confi rms the role of 
band anticrossing in the formation of the intermediate band in 
dilute GaNAs. The results demonstrate that properly modifi ed 
IBSC-like structures could be used as multicolor light emitters.   
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